INTRODUCTION
Bipolar affective disorder (BPAD) is a common mental health disorder that is characterised by periods of mania and depression. BPAD is associated with increased rates of unipolar affective disorder in relatives and with comorbid alcohol abuse, 1,2 as well as with very high rates of suicide. 3 Family, twin and adoption studies have shown that genetic heritability to BPAD is in excess of 80%, which makes bipolar disorder one of the most heritable of the psychiatric disorders. [4] [5] [6] Several BPAD genome-wide association studies (GWASs) using up to 1 000 000 single nucleotide polymorphism (SNP) markers have been performed and these data can also be used to detect copy number variants (CNVs). [7] [8] [9] [10] [11] [12] The GWASs data have implicated two genes ANK3 and CACNA1C with genome-wide levels of statistical significance. 7 Studies of copy-number variation causing diseases are complicated by the presence of a high background rate of duplications and deletions found across the human genome that are not associated with any disease. [13] [14] [15] [16] CNVs seem to have developed through a variety of processes that seem to be dependent and the size of the structural variant. 16 CNVs in specific chromosomal regions have been reported that are appreciably increased in samples of schizophrenia, particularly in early age of onset. 8, [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] Copy number variants that are shared with schizophrenia but not with bipolar disorder have been found in epilepsy. 29, [34] [35] [36] [37] CNVs have also been found to be strongly associated with autism, attention deficit hyperactivity disorder and learning disability. [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] There is limited evidence for the involvement of CNVs in susceptibility to bipolar disorder. Zhang et al 51 have reported that singleton deletions over 100 Kb in length are more frequent in BPAD cases, a finding which was not replicated by Grozeva et al. 52 Lachman et al 53 reported an increase in GSK3b CNVs in BPAD, but this finding was also not confirmed by Grozeva et al. 52 However, there have been reports of rare cases of BPAD with CNVs 32,51-54 and it remains the case that specific rare CNVs may contribute to susceptibility to bipolar disorder. The aim of this study was to assess the frequency of CNVs in the UCL bipolar case control sample and to investigate the location of rare CNVs with reference to bipolar disorder-specific CNVs reported by Zhang et al 51 and Grozeva et al. 52 
SUBJECTS AND METHODS

Bipolar research subjects
BPAD cases and controls included in the analyses comprised DNA from individuals from the University College London (UCL) bipolar disorder sample collection (see Sklar et al 10 and Ferreira et al 7 for a description of the case and control samples). Additional UCL Bipolar II samples collected using the same ascertainment criteria as described above were included in the analysis presented in this study.
The UCL Bipolar sample consisted of 97% bipolar 1 cases with psychotic symptoms according to Research Diagnostic Criteria (RDC) categories. 55 The comparison subjects were 510 screened normal volunteers with no personal or first degree family history of any mental disorder. The cases and comparison subjects were selected if both their parents and all four grandparents were of Irish, Welsh, Scottish or English ancestry as defined by an ancestry checklist. Subjects were also included if one of the four grandparents was of European ancestry before the 2004 EU enlargement. U.K. National Health Service (NHS) multicenter and local research ethics committee approval was obtained. All subjects signed an approved consent form after reading an information sheet and after a description of the study had been given to each subject. All subjects were interviewed by a psychiatrist who used the lifetime version of the Schizophrenia and Affective Disorders Schedule. 55 All the bipolar patients were also rated with the 90-item OPCRIT checklist. 56 Family pedigree diagrams were drawn and drug-treatment response was recorded. DNA was extracted from whole blood using standard nuclear lysis phenol chloroform methods.
Genotyping
Genotyping was performed on the Affymetrix GeneChip Human Mapping 500 K Array Set (Santa Clara, CA, USA) by the Genetic Analysis Platform at the Broad Institute of Harvard and MIT as described previously. 10 The method uses two arrays according to whether the genomic DNA from research subjects was digested with the restriction enzymes NspI or StyI before adaptor nucleotides are ligated with T4 DNA ligase. Because each array can replicate evidence for copy number variants, only cases where data for both arrays was available were analysed for CNVs (546 cases and 517 controls).
CNV Calling
CNV calling was performed using PennCNV software (version 2008 June 26; http://www.openbioinformatics.org/penncnv/). 57 PennCNV uses the total fluorescent intensity signals for both alleles (log R ratio (LRR)) and the B allele frequency (BAF) for each SNP on the genotyping arrays. Standard PennCNV quality control checks are designed for Illumina arrays and are therefore not appropriate for the Affymetrix GeneChip Human Mapping 500 K Array used here (http://www.openbioinformatics.org/penncnv/penncnv_tutor-ial_affy_gw6.html). Samples, in which more than 100 CNVs were detected by PennCNV were excluded from further analysis (8 BPAD; 46 Controls). CNVs that were smaller than 50 Kb in length or comprised fewer than 10 SNPs were then removed from the analysis, as these were likely to be unreliable CNV calls. CNVs that spanned a centromere or that overlapped at least 50% of their length with regions previously described as being prone to false positives due to somatic mutations were also removed. 22 A further 15 CNVs were also removed that were comprised of SNPs from only one of the two arrays. Finally, for the purpose of rare CNV burden analysis CNVs found in more than 1% of cases and controls were not considered further. A custom track for visualisation of CNVs detected in this paper on the UCSC Genome Browser (University of California, Santa Cruz, CA, USA; http://genome.ucsc.edu/), is available at http://www.ucl.ac.uk/~rejuamc/UCLBPCO.cnv.bed.
Analysis of Rare and singleton CNVs
CNV association analyses were performed with PLINK 58 (version 1.07, http:// pngu.mgh.harvard.edu/~purcell/plink/). Empirical significance values (two tailed) were derived with the use of 10 000 permutations. Genomic locations presented here are from the March 2006 human genome sequence assembly (UCSC Hg18, National Center for Biotechnology Information build 36). Analyses of CNVs 450 and 4100 kb were performed to allow comparison of results from previous studies that only investigated the larger class of CNV.
RESULTS
Global burden of rare CNVs
The numbers of rare CNVs in each size group, their frequencies in cases and controls and the corresponding empirical significance values (where o0.05) are shown in Table 1 . Two of the comparisons yielded nominally significant results. In the CNV size range between 200 and 500 Kb, there were significantly fewer deletions (0.183 CNV per control sample vs 0.115 per BPAD case; P¼0.039; see Table 1 ) and when both deletion and duplication CNVs 4100 Kb in size were considered there were also significantly fewer CNVs in the bipolar cases (0.818 per sample) compared with the controls (1.013 per sample; P¼0.036; see Table 1 ). Analyses of CNV burden excluding CNVs o100 Kb were performed to allow comparison of the data with that presented in previous studies.
Singleton CNV analysis
The results of singleton CNV analysis are shown in Table 2 . This is an attempt to replicate the findings of Zhang et al. 51 In contrast to the study of Zhang et al, no significant over representation of bipolar singleton deletions were observed. We did however, observe a nominally significant increase in the frequency of control duplication CNVs over 100 Kb in size (P¼0.03). This finding does not survive correction for the multiple tests carried out. It is noteworthy that there was also a nonsignificant increase in the rate of singleton duplications in the controls of Grozeva et al. 52 We also compared the rate of singleton CNVs in cases of BPAD where a first episode of mania occurred at age 18 or below with BPAD samples with a later first episode of mania. No significant differences were observed in the comparison groups (data not shown). However, the rate of singleton deletions among the later age of onset case was higher (0.339) compared with the early onset cases (0.277). This finding is in the opposite direction to that of Zhang et al, 51 but in agreement with the findings of Grozeva et al. 52 
Bipolar disorder case only CNVs
Although the overall burden of CNVs in cases was not found to be significantly different from that found in controls, we were interested to investigate CNVs found only in two or more bipolar disorder cases that disrupted genes. A total of 26 such CNVs regions were identified (see Table 3 ). Two of these overlapped with genes that were either duplicated or deleted by CNVs in BPAD cases only in the Grozeva et al 52 study, one overlapped with genes also disrupted by the Zhang et al 51 BPAD case CNVs, one CNV overlapped with genes also disrupted by ISC 8 schizophrenia case only CNVs, and one CNV included NDE1 a gene previously found deleted in schizophrenia 27 (see Table 3 ). Three of the genes in the CNV regions had also previously been found to be associated with neuropsychiatric phenotypes (see Table 3 ). 52 we paradoxically report a small decrease in rare CNV burden in our BPAD cases compared with controls. Also in agreement with Grozeva et al, 52 we do not find evidence for a previously reported increase 51 in singleton deletion CNVs in our bipolar disorder cases nor did we find significant age of onset effects with singleton deletion CNVs in our sample. The numbers of samples used in this study are smaller than those of Grozeva et al 52 and Zhang et al. 51 The microarray technology used in this study was the same as in the study by Grozeva et al, 52 however, the calling algorithms and quality control procedures differ slightly. Zhang et al 51 used a higher density microarray platform, which might explain the difference between our own and the Grozeva et al 52 compared with the study by Zhang et al. 51 There was an overall increase in the rate of CNVs called in our study compared with the rate reported by Grozeva et al 52 and Zhang et al. 51 Call rates may be very sample dependent with differences in thresholds for CNV calling and the relatively small sample sizes influencing these rates. Grozeva et al 52 detected CNVs separately on the two arrays and then combined the CNV calls. Their calling threshold required that 10 SNPs from one array showed consistent evidence for the presence of a CNV. We used a different approach where the intensity (LRR) and allele frequency data (BAF) from the two arrays were combined before CNV calling. Thus, despite the fact that both studies required 10 consecutive SNPs to show consistent evidence for a CNV to be called, the approach used here is likely to be more sensitive. We further required that all CNVs were made up of SNP data from both of the arrays such that localised microarray hybridisation artefacts would be unlikely to produce aberrant CNV calls. Zhang et al 51 used a higher density microarray compared with the arrays used in this study therefore, one would expect that their study would have been capable of detecting more CNVs than we report in this study. Again the calling algorithms are different and this may account for the differences in call rates and indeed for the lack of replication in the frequency of singleton deletions in BPAD cases.
The evidence from our own study and from the literature for rare case only CNVs having a role in BPAD is not clear. However, we present a list of CNVs that occurred in two or more cases and indicate those for whom previous bipolar disorder or schizophrenia studies have also found evidence for genes being deleted or duplicated by CNVs or where there is evidence for genetic association with bipolar disorder or related neuropsychiatric phenotypes. Although some of these overlapping findings might be due to chance, future studies will be able to replicate these rare occurrences with greater power.
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